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Abstract
We conducted a pilot study using a passive radio-wave-based home monitor in individuals 
with Parkinson disease (PD) with a focus on gait, home activity, and time in bed. We enrolled 
7 ambulatory individuals to have the device installed in the bedroom of their homes over 8 
weeks and performed standard PD assessments at baseline. We evaluated the ability of the 
device to objectively measure gait and time in bed and to generate novel visualizations of 
home activity. We captured 353 days of monitoring. Mean gait speed (0.39–0.78 m/s), time in 
bed per day (4.4–12.1 h), and number (1.4–5.9) and duration (15.0–49.8 min) of nightly awak-
enings varied substantially across and within individuals. Derived gait speed correlated well 
with the Movement Disorder Society-Unified Parkinson’s Disease Rating Scale total (r = –0.88, 
p = 0.009) and motor sub-score (r = –0.95, p = 0.001). Six of the seven participants agreed that 
their activity was typical and indicated a willingness to continue monitoring. This technology 
provided promising new insights into the home activities of those with PD and may be broad-
ly applicable to other chronic conditions. © 2019 The Author(s)
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Introduction

Traditional monitoring of Parkinson disease (PD) has relied on self-reporting of 
symptoms or subjective episodic assessments performed in the clinic. Passive home moni-
toring can enhance clinical assessments by objectively capturing real-world function in 
patients with chronic disease [1–3]. The Emerald device is a novel radio-wave-based home 
activity monitor that passively collects data on participant motion in a monitored space 
without requiring direct interaction with the system. The device requires no collection of 
identifiable participant data [4], is small and easy to install [5], and can differentiate indi-
viduals in a monitored space [2]. Previous studies have demonstrated the ability of the 
device to monitor position and gait speed in the clinic and at home [6–8]. In this pilot study, 
we installed the Emerald device in the homes of individuals with PD to explore the rela-
tionship between traditional measures in the constrained standardized clinic and Emerald-
derived measures collected uncontrolled at home. We sought to establish proof of concept 
of a novel method to characterize features of PD at home with a focus on time in bed, home 
activity, and gait. 

Methods

Emerald Device
Researchers at the Massachusetts Institute of Technology developed a radio-wave-

sensing device called Emerald for passive patient monitoring. The system emits ultra-low-
power radio signals that reflect off individuals within a range, approximately 1,200 square 
feet, and return to the device. As individuals move and their reflected radio waves change, 
the device detects these changes to extract the position of the individual over time. Using 
the individual’s position relative to the device, activity in the home and time in bed are 
computed based on the time spent by the individual in defined areas of interest, such as 
the bedroom, bathroom, bed, and hallway. Gait speed and other features of participant 
movement are derived from changes in position over time. Additional details of the 
analytics used to derive the participant’s position and gait speed have been previously 
published [6–8].

Accuracy of the device has been validated against a VICON Motion Tracking System in 
individuals from age 20 to 83, completing thousands of experiments in the lab and at home. 
The device has been shown to accurately measure an individual’s position to within 15 cm [6, 
8] and gait speed to within 0.025 m/s [7]. Emerald can be installed in less than 1 h and hangs 
on the wall like a picture (Fig. 1). Encrypted data are transferred via WiFi to a secure file-
server hosted by Amazon Web Services (https://aws.amazon.com/). Monitored individuals 
are identified based on movement patterns that start or end at their position in bed. Those 
with a bed partner carry an accelerometer “tag” to identify themselves from others. 

Procedures
We recruited, and obtained written consent from, ambulatory individuals with PD and a 

home WiFi connection around Rochester, NY, USA, to have the device installed in the bedroom 
of their home. During the installation, the boundaries of areas of interest in the home (e.g. bed, 
doorways) were measured with respect to the position of the device to create a schematic of 
the monitored space. We collected data for 8 weeks and asked participants to keep a Hauser 
diary [9] of motor status (medications working [ON] vs. not working [OFF]) for one day each 
week. Participants also completed typical PD assessments at baseline including the Movement 
Disorder Society-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) parts I–IV [10], 
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Hoehn and Yahr [11], Parkinson’s Disease Sleep Scale (PDSS) [12], and Montreal Cognitive 
Assessment [13]. The Institutional Review Boards at the University of Rochester and Massa-
chusetts Institute of Technology approved all study procedures. 

Outcomes
We evaluated the ability of the device to measure participant time in bed, activity in the 

home, and gait speed based on absolute position and change in position relative to the Emerald 
device; we analyzed these data descriptively. We estimated a circadian schedule by calculating 
intraday variability in participant time in bed as a proxy for rest-activity schedules. The measure 
is calculated as the total difference (in h) of times in bed between consecutive days. Lower 
intraday variability values indicate greater consistency in time of rest and activity periods from 
day to day. For example, getting into bed for sleep at 10 p.m. and getting out of bed at 6 a.m. on 
consecutive days would equal a value of 0 [14]. We created visualizations of activity in the home 
and in bed by superimposing device-derived position in the home over the schematic of the 
monitored space.

We evaluated the correlation between device-derived gait speed and traditional measures 
of PD severity. We compared each participant’s average gait speed across the entire moni-
toring period to the baseline MDS-UPDRS total and part III (motor sub-score) using a Pearson 
correlation. We evaluated the ability to detect response to dopaminergic therapy (a key 
feature of PD) by comparing the average device-derived gait speed across all OFF periods as 
reported on the Hauser diary to the average device-derived gait speed across all Hauser-
reported ON periods. We assessed significance using a one-tailed Wilcoxon signed-rank test 
(α = 0.05). 

Gait speed varies substantially based on the task being carried out [4], with a single gait 
speed measurement at home unlikely to adequately reflect overall functional ability. In order 
to account for this variability, we evaluated the optimal averaging window duration to capture 
an inclusive set of gait speed measurements to reflect functional ability, while minimizing 
monitoring time. We secondarily calculated the minimal detectable change with 95% confi-
dence [15] in mean gait speed over the derived averaging window to evaluate the sensitivity 
of Emerald to detecting changes in gait speed (online suppl. Material; for all online suppl. 
material, see www.karger.com/doi/10.1159/000498922). 

Fig. 1. Emerald radio-wave-sens-
ing device installed at home 
(green box).
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Finally, we assessed acceptance of monitoring with a survey, evaluating ease of partici-
pation, impact on daily activities, privacy concerns, and willingness to continue monitoring. 

Results

We recruited 7 individuals with PD to have the Emerald device installed in their homes. 
All participants were white, and 6 (85.7%) were college graduates. Mean (SD) disease duration 
among participants was 5.4 (3.3) years, and all participants were taking levodopa. Two indi-
viduals lived in an assisted-living facility (Participants 2 and 4); the remainder lived in free-
standing homes. Additional baseline characteristics are presented in Table 1. We captured 
353 days (90.1%) of monitoring; the majority of missing data (29 days; 7.4%) were due to 
lost WiFi connection. 

Table 1 demonstrates the ability of the Emerald device to quantify mobility, time in bed, 
and a circadian schedule with variation seen across and within individuals. Gait speed varied 
by a factor of 2 (range 0.39–0.78 m/s) among the cohort. Mean time in bed per day (range 
4.4–12.1 h), number (range 1.4–5.9) and duration (range 15.0–49.8 min) of nightly awakenings, 
and intraday variability of rest-activity rhythms (range 2.2–8.8 h) also varied substantially. 

Figure 2a demonstrates visualizations of activity over 3 h superimposed on a schematic 
of the home. Figure 2b color-codes activity based on location in the space over the entire 
monitoring period. Figure 2c demonstrates a visualization of time in bed for 6 participants. 
Participants 4 and 7 had the lowest intraday variability in time in bed, generally spent the 
least time in bed, and had some of the least symptomatic (highest) scores on the PDSS. 
Conversely, Participants 5 and 6 had the most intraday variability in time in bed, spent the 
most time in bed, and had the lowest scores on the PDSS. Participant 5, for example, spent an 
average of 11.2 h in bed per day and spent up to 20.5 h in bed in a single 24-h period.

Device-derived gait speed had excellent correlation with the MDS-UPDRS total (r = –0.88, 
p = 0.009) and part III (r = –0.95, p = 0.001), with higher gait speed correlating with lower 
(less severely affected) scores. Mean device-derived gait speed increased significantly 
between Hauser-reported OFF and ON states (p = 0.025). The optimal averaging window to 
capture representative and reproducible gait speed measurements was 5 days. The derived 
minimal detectable change in mean gait speed over a 5-day period was 0.07 m/s (online 
suppl. Material). 

All participants agreed that participation was easy, and 6 agreed that their behavior 
was typical and that the device did not interfere with daily activity. Our participants had 
minimal privacy concerns, though 1 participant turned the device off for 10 days while a 
guest was visiting. Six participants indicated a willingness to participate in future monitoring. 
Figure 3 presents additional information regarding participant opinions on monitoring. 

Fig. 2. Novel visualizations of participant activity at home and in bed derived from data collected by Emerald. 
a Movement visualizations superimposed on a schematic of the home (Participant 2). Left – continuous seg-
ment of motion over 3 h. Right – heat map showing the proportion of time spent throughout the monitored 
space over 24 h. b Location in the space over the entire monitoring period for Participant 2. Each monitored 
day is represented as a concentric circle (day 1 at center, day 56 outside) with location around each circle 
representing time of day (0 = midnight). c Time and motion in bed detected by Emerald among 6 participants. 
Each monitored day is represented as a concentric circle (day 1 at center, day 56 outside) with location 
around each circle representing time of day (0 = midnight). Blue, time in bed; red, major change in position 
in bed (e.g., sitting up, arising); white, time out of bed. Mean time in bed per day and score on the Parkinson’s 
Disease Sleep Scale (PDSS) are also shown for each participant.

(For figure see next page.)
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Discussion

Findings from this pilot study provide initial evidence of the ability to objectively char-
acterize the home activities of individuals with PD using a passive monitoring system. Even 
in this small sample, we detected substantial variability in activity and time in bed within and 
across participants, observed that passively measured gait speed at home is slower than the 
measurement in the clinic [16], and assessed and visually represented patterns of daily 
activity and sleep. Device-derived measures correlate well with typical PD measures and offer 
a number of advantages. The device limits observational bias and complements office visits 
by providing insight into function at home. Additionally, unlike prior reports of home moni-
toring, our sensor can differentiate individuals in the home, allowing observation of a variety 
of environments [1, 2].

The Emerald device is sensitive to changes in gait speed over time. The 10-meter walk 
test, a clinic-based assessment of gait speed in PD, has a reported minimal detectable change 
of 0.22m/s [15], compared to 0.07 m/s with the Emerald device. This increased sensitivity 
highlights the potential utility of the device in clinical research. The use of sensitive and 
objective outcome measures derived from novel technologies, like the Emerald device, could 
increase our ability to characterize the natural history of diseases and detect real changes in 
function in clinical trials.

This study has several limitations. The sample is small and not representative of the 
broader PD population. Additionally, portions of the home (including some bathrooms) were 
out-of-range of the device for most participants, and home environments differed signifi-
cantly among participants. Regardless, we captured a large amount of data with 353 days and 
nights of observation from just 7 individuals. By contrast, some of the largest observational 
studies of sleep disorders in PD have included 100–200 nights of observation across the same 
number of participants [17, 18]. Finally, the need for some participants to carry an acceler-
ometer potentially introduced observational bias. We are currently developing a filter, unique 
to the consented individual, to eliminate the need for the accelerometer and address privacy 
concerns.

These pilot data provide unique insights into home function and suggest that activity is 
fragmented and variable in those with PD. Additionally, these data demonstrate that the 

Participation was easy

Staff explained participation well

My behavior was usual

The device safe guarded my data

Staff addressed my concerns

I would be willing to participate in future studies

I did not think about the device often

The device did not interfere with my daily activities

I did not have privacy concerns about others in the home

0 20
■ Strongly agree   ■ Agree   ■ Neutral   ■ Disagree   ■ Strongly disagree

40 60 80 100 %

Fig. 3. Participant opinions on ease, safety, and privacy of monitoring using the Emerald device.
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Emerald device can generate outcome measures that may be more sensitive to change than 
traditional clinical outcome measures. Further data analysis and future studies in a larger 
cohort are necessary to validate measures derived in this pilot study, and to demonstrate the 
feasibility of evaluating other disease features (e.g., tremor, dyskinesias, or socialization) 
with the Emerald device. Additionally, we will compare the sensitivity of other Emerald-
derived measures to traditional measures of PD severity. 

Beyond PD, this technology may also be broadly applicable to other chronic conditions. 
For example, insights into patient sleep, home activities, socialization, and other observable 
behaviors could be invaluable in understanding the natural history of those with conditions 
from sickle cell disease to sleep apnea [3]. This technology has the potential to personalize 
healthcare, objectively monitor the effects of experimental therapeutics, and generate new 
insights into how chronic conditions affect people in the most important setting: their 
home. 
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